ABSTRACT
INTRODUCTION
The actinomycete genus Streptomyces is composed of saprophytic Gram-positive bacteria that have a variety of interesting characteristics, including production of specific catabolic enzymes (11, 13, 18, 21) important in biogeochemical cycling of polymeric carbon compounds in soil, and production of antibiotics and fungal cell-wall degrading enzymes that have been used as biocontrol agents (5, 6, 14, 19, 20) . As a result, there is increased interest in the genetic manipulation of Streptomyces to study their biochemical pathways and their roles in microbial communities, and to develop superior strains for industrial, agricultural and pharmaceutical applications. However, genetic manipulation of Streptomyces is sometimes complicated by their unique developmental and genetic characteristics (3, 4, 9, 12) . During growth on solid media, the microorganism grows in the form of a substrate mycelium growing on the agar surface; later, an aerial mycelium forms. In the dormancy and dispersal phase of the streptomycete life cycle, sporulation of the aerial mycelium occurs (7) . Since the spore form of the Streptomyces is a very stable resting stage, it is common for laboratories that work with these bacteria to archive their strain collections as spore suspensions. Developmental morphologies of Streptomyces propagated in liquid media are not as well understood. Each of these growth forms can be important to different studies, and it would be useful to have a technique that would permit equally efficient DNA recovery from all cell types.
The isolation of Streptomyces DNA has been hindered by the general resistance of different strains of these microorganisms to lysis, often requiring lengthy extraction and purification procedures (10) . We have developed a relatively quick extraction method that overcomes lysis complications and yields higher quantities of DNA suitable for subsequent molecular analysis. Heath et al. (8) demonstrated that a prelysis acetone treatment was useful for strains that are ineffectively lysed by procedures that use only lysozyme and a detergent. We included the acetone pretreatment and several freeze/thaw (-70°C/65°C) cycles to improve the lysis of a variety of Streptomyces species.
MATERIALS AND METHODS

Strains and Growth Conditions
The bacterial strains and growth conditions used in this study are presented in Table 1 To isolate substrate/aerial mycelium, the microorganisms were grown on solid media for one week at the specified temperature. Fifty milligrams of mycelium (wet weight) were harvested from the solid medium using a sterile scalpel and transferred to a sterile 2-mL microcentrifuge tube. Spores were collected after a 3-week incubation on sporulation agar. Fifty milligrams (wet weight) of spores were transferred to a sterile 2-mL microcentrifuge tube using a sterile spatula. While growing in the liquid media, the cells were shaken (200 rpm) at the specified temperature (Table 1) for 48 h. The cells were collected by centrifugation and 50 mg (wet weight) were transferred to a sterile 2-mL microcentrifuge tube using a sterile spatula. Another Gram-positive bacterium, Staphylococcus aureus , was grown in broth overnight and used as a control for comparing the isolation of DNA from a different Gram-positive organism.
DNA Isolation
To isolate DNA, 50 mg of cells (or spores) were resuspended in 1 mL 50/20 TE (50 mM Tris-HCl, 20 mM EDTA, pH 8.0) and vortex mixed for 20 s. The mycelia of several strains grew intertwined with one another on both solid and liquid media, requiring more vigorous resuspension. These cells were dispersed with an end-sealed Pasteur pipet, or for extremely clumped mycelia, the cells were homogenized with a Model PT 10/35 Homogenizer (Brinkman Instruments, Westbury, NY, USA) on low speed for 1 min. Complete cell dispersal was required for optimal DNA yields (data not shown).
Following resuspension, the cells were centrifuged at 16 000 × gfor 4 min at room temperature (RT) (ca. 23°C) and TE was removed. The pellet was Figure 1 . RAPD patterns of Streptomyces DNA generated with the primer d8635. Lanes 1 and 13, molecular length standard (1-kb ladder). Lane 2, no DNA added in RAPD reaction (negative control). Lanes 3, 4 and 5 are YCED9 DNA isolated from broth-grown mycelia agar-grown mycelia and spores, respectively. Lanes 6, 7, 8 and 9 are WYEC108 DNA isolated from cells grown in broth, cells grown in broth for an extended incubation (ca. 3 weeks), cells grown on agar and spores, respectively. Lanes 10, 11 and 12 are WYE27 DNA isolated from cells grown in broth, cells grown on agar and from spores, respectively. Arrows designate the bands characterized for the particular Streptomyces strain (because the migration of the gel is slightly skewed to one side, the arrows are aligned to the molecular length standards on the right side of the figure). Asterisks indicate the two bands missing from WYEC108 grown in broth for an extended time period (lane 7). resuspended in 1 mL of ice-cold acetone, vortex mixed and incubated on ice for 5 min. The cells were then centrifuged at 16 000 × gfor 4 min at RT, and acetone was removed by careful aspiration. Residual acetone was removed by vacuum desiccation-centrifugation (SpeedVac ® 110; Savant Instruments, Holbrook, NY, USA) for 5 min at 42°C.
The cells were resuspended in 500 µ L 50/20 TE containing 1 mg/mL lysozyme (Sigma Chemical). This mixture was incubated at 37°C for 1-2 h or until the cell suspension became slightly viscous due to partial degradation of the cell wall. A 75-µ L quantity of 10% sodium dodecyl sulfate (SDS) and 125 µ L 5 M NaCl were then added and mixed by inversion. The samples were then incubated in a dry ice/ethanol bath (ca. -70°C) for 3 min and transferred to a 65°C water bath for 3 min. This cycle of ice bath to heat bath was repeated 3 times. Each time the sample tube was transferred to the dry ice/ethanol bath, it was mixed by inversion. The sample was then incubated on ice for 10 min, and afterwards, centrifuged at 16 000 × gfor 5-6 min at RT to pellet cell debris. The supernatant was then pipetted into a fresh 2-mL microcentrifuge tube. DNase-free RNase (Sigma Chemical) was added to a final concentration of 200 µ g/mL and incubated at 37°C for 15 min. Next, proteinase K (Sigma Chemical) was added to a final concentration of 50 µ g/mL, and the mixture was incubated for 30 min at 37°C.
An equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added, mixed by inversion and centrifuged at 16 000 ×gfor 4 min at RT. The upper aqueous phase was transferred to a fresh 2-mL microcentrifuge tube, and the phenol:chloroform:isoamyl alcohol extraction was repeated until no white interface was present (typically one or two extractions was sufficient). After the final extraction, the upper layer was pipetted to a fresh 2-mL microcentrifuge tube, and the tube was filled with water-saturated ethyl ether. ( CAUTION: Ether is extremely flammable and should be handled carefully.) This was mixed by inversion, centrifuged at 16 000 ×gfor 2 min at RT, and then the upper ether phase was removed by careful aspiration. Residual ether was removed by incubation in a 60°C oven with microcentrifuge caps open for 3 min. After the ether was removed, the tube was filled with 100% ethanol and incubated at -20°C for 1 h or overnight to precipitate the DNA. The DNA was pelleted by centrifugation (16 000 × gfor 10 min at 4°C), and the ethanol was carefully aspirated. The pellet was then washed with 70% ethanol and centrifuged again at 16 000 ×gfor 10 min at 4°C. After the supernatant was aspirated, the DNA was dried by vacuum desiccation-centrifugation for 5 min at 42°C. Lastly, the DNA was dissolved in 300 µ L TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).
Spectrophotometry
DNA spectra were measured using a Model 8452A Diode Array Spectrophotometer (Hewlett-Packard, Corvallis, OR, USA). All samples were diluted 1:100 in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and absorbances measured at wavelengths of 260 and 280 nm. The concentration of total DNA ( µ g DNA/50 mg cells) was calculated using the absorbance at 260 nm.
Digestion Analysis
The restriction endonucleases used were Sma I (Amersham, Cleveland, OH, USA) to digest the Streptomyces species DNA and Eco RI (Life Technologies, Gaithersburg, MD, USA) to digest the S. aureus DNA. One microgram of either the Streptomycesor S. aureus DNA was digested according to the manufacturer's recommendations. Digestions were carried out overnight and analyzed on 0.8% agarose gels.
RAPD Conditions
For RAPD analysis, polymerase chain reaction (PCR) amplifications were carried out in 50-µ L volumes. They contained 100 ng DNA, 1.5 mM MgCl 2 , 100 µ M dNTPs (Stratagene, La Jolla, CA, USA), 100 pmol primer, 1.5 U of TaqDNA Polymerase (Promega, Madison, WI, USA) and the appropriate amount of 10 ×buffer (Promega), under 40 µ L light mineral oil. Amplification was performed in a MiniCycler ™ Thermal Cycler (MJ Research, Watertown, MA, USA) programmed for one cycle of 4 min at 95°C, 40 s at 94°C, 45 s at 44°C, 1.5 min at 72°C; followed by 39 cycles of 40 s at 94°C, 45 s at 44°C and 1.5 min at 72°C; and a final extension for 5 min at 72°C (M.A. Roberts, unpublished data). The oligonucleotide primer, d8635 (5 ′ -GAGCGGCCAAAGGGAG -CAGAC-3 ′ ) (1) was synthesized by Genosys Biotechnologies (The Woodlands, TX, USA). The amplifications were analyzed on a 1.5% agarose gel (Figure 1) . A 1-kb ladder purchased from Life Technologies was used as the molecular length standard.
RESULTS AND DISCUSSION
A current and widely accepted method for isolating DNA from Streptomycesspecies has reported to yield between 0.5-5 µ g of chromosomal DNA/50 mg wet weight cells (10) . Using the method developed here, we isolated substantially greater amounts of chromosomal DNA, between 30 to 225 µ g/50 mg cells ( n= 65), from the six Streptomyces strains tested. DNA yields from mycelia grown on agar were lowest, while yields from spores were highest. Looking at WYEC108 as an example, DNA quantities isolated from mycelia grown on agar (36 ± 5 µ g/50 mg cells; n= 4), mycelia grown in broth (47 ± 16 µ g/50 mg cells; n= 4) and from spores (71 ± 23 µ g/50 mg spores; n= 2) increased, respectively. Using this method to isolate DNA from S. aureus cells grown in liquid was also successful, yielding a mean of 36 µ g/50 mg cells ( n= 4). All DNA isolations were specifically carried out on 50 mg wet weight of cells rather than dry weight in order to directly compare the method to this widely accepted procedure for DNA isolation from Streptomyces species. However, this may be a factor for the high yields observed for spores, due to their high density and lack of moisture.
The ratio of A 260 / A 280 nm was calculated and based on an ideal value of 1.8, as described by Sambrook et al. (16) . The A 260 / A 280 values for DNA isolated from broth-grown mycelia and spores gave acceptable values around 1.8. However, the ratios calculated for DNA isolated from agar mycelium were unusually low, with a mean of 1.2 and a range of 1.1-1.9. These low values suggest the presence of contaminants; however, the successful restriction endonuclease digestion and RAPD characterization showed that the DNA was pure enough for these sensitive molecular techniques.
To further examine the purity of the isolated chromosomal DNA, it was subjected to digestion analysis. All digested DNA gave a characteristic digestion ladder, while controls lacking restriction enzyme showed the presence of high-molecular-weight chromosomal DNA (data not shown). All types of the DNA, regardless of whether the DNA was isolated from different cell morphologies or the different strains tested here, show typical chromosomal digestion patterns, demonstrating the suitability of the DNA for in vitro manipulation.
This laboratory is currently involved in the use of RAPD-PCR on chromosomal DNA isolated as described (15) to identify strains of Streptomyces isolated from the environment. Thus, it seemed appropriate to determine the effectiveness of our established RAPD-PCR techniques on the DNA isolated using this new procedure. Regardless of the cell morphology from which the DNA was isolated, the characteristic pattern of the PCR products of each particular strain was observed. These banding patterns resemble the same patterns already characterized for these particular strains (M.A. Roberts, unpublished data). This finding shows the procedure was effective in isolating identical DNA from each cell type and that the chromosomal DNA isolated from each cell type was relatively intact, pure and of PCR quality.
The RAPD banding pattern for DNA isolated from WYEC108 cells grown for an extended incubation (ca. 3 weeks) in broth, lacked two of the characteristic bands compared to DNA isolated from cells grown for 48 h ( Figure  1, lane 7) . The DNA isolated from these cells was also analyzed by gel electrophoresis. The DNA was not high molecular weight, typical of chromosomal DNA, but instead showed substantial degradation (data not shown). A DNase (Sigma Chemical) treatment of this DNA preparation and subsequent electrophoresis on a 0.8% agarose gel showed complete disappearance of the smear, confirming that the material was DNA (data not shown). Similar results were observed for DNA isolated from Streptomyces lividansTK64, WYEC -108, WYE27 and S. viridosporus T7A incubated in broth for 3 weeks or more. DNA was not isolated or characterized from strains grown between 48 h and 3 weeks. Strains grown on solid medium for an extended period of time did not exhibit this characteristic. Hence, when propagating cells in liquid media, these results suggest growing the strains for 48 h or less if high-quality chromosomal DNA is needed.
To test the influence of the freeze/ thaw cycles on the DNA yields, the procedure was performed on YCED9 cells grown in liquid media, both with and without freeze/thaw cycles. Without the freeze/thaw cycles, the DNA yields were low (6.7 ± 0.1 µg/50 mg cells; n= 2), whereas they were much higher with the freeze/thaw cycles (47 ± 25 µg/50 mg cells; n= 9). Therefore, the freeze/ thaw cycles were considered important for obtaining higher yields of DNA.
A similar comparison was performed with the acetone pretreatment step. Results showed that this step also increased the DNA yield, compared to the absence of the acetone treatment (data not shown). However, we were concerned that the acetone might adversely affect the techniques used to characterize the DNA. Because of the successful recovery, endonuclease digestion and RAPD-PCR characterizations, the quality of DNA was considered unaffected by the acetone treatment. These results support the conclusion that acetone does not alter the biochemical and biologically relevant properties of DNA as already suggested by others (8) and that it enhances the lysis of lysozyme-resistant cells.
We needed a small-scale method that would give us quick access to genomic DNA to screen large numbers of Streptomyces and related genera by RAPD-PCR (1, 17) and 16S rDNA analysis. By combining several lysis treatments (acetone pretreatment, lysozyme digestion and detergent lysis with freeze/thaw cycles) and subsequent purification steps, we were able to obtain good yields of DNA from every species of Streptomyces examined, regardless of whether
